The ion acoustic turbulence in the plume of a hollow cathode operating in a Hall eect thruster is experimentally and analytically characterized. A recent theoretical study suggests that the increased resistivity as a result of the acoustic waves may dictate the cathode coupling voltage. The growth and strength of these waves are susceptible to changes in the neutral density or facility background pressure. A Langmuir probe is used to measure the steady state plasma parameters and wave properties with varying cathode ow fraction and background pressure. Results show that with increasing cathode ow fraction, the cathode coupling voltage decreases. Additionally, with increasing ow fraction, the electron temperature decreases. Both of these are consistent with lower ion acoustic turbulence strength. Ion saturation probes measure the wave properties. Results shows that the anomalous collision frequency grows with respect to the classical collision frequency with decreasing cathode ow fraction. This suggests that ion acoustic turbulence strength is correlated with the cathode coupling voltage in a Hall thruster for varying neutral density. ω 0 = cuto frequency [Hz] ω p = plasma frequency [Hz] ν an = anomalous collision frequency [Hz] ν ei = Coulomb collision frequency [Hz] 
The ion acoustic turbulence in the plume of a hollow cathode operating in a Hall eect thruster is experimentally and analytically characterized. A recent theoretical study suggests that the increased resistivity as a result of the acoustic waves may dictate the cathode coupling voltage. The growth and strength of these waves are susceptible to changes in the neutral density or facility background pressure. A Langmuir probe is used to measure the steady state plasma parameters and wave properties with varying cathode ow fraction and background pressure. Results show that with increasing cathode ow fraction, the cathode coupling voltage decreases. Additionally, with increasing ow fraction, the electron temperature decreases. Both of these are consistent with lower ion acoustic turbulence strength. Ion saturation probes measure the wave properties. Results shows that the anomalous collision frequency grows with respect to the classical collision frequency with decreasing cathode ow fraction. This suggests that ion acoustic turbulence strength is correlated with the cathode coupling voltage in a Hall thruster for varying neutral density. ω 0 = cuto frequency [Hz] ω p = plasma frequency [Hz] ν an = anomalous collision frequency [Hz] ν ei I. Introduction I on acoustic turbulence is known to impact the behavior of hollow cathodes. The instability is thought to be the dominant mechanism driving the plasmadynamics in this region. Previous works have conrmed their existence in the plume of stand-alone hollow cathodes and derived a self-consistent uid model for wave energy transport [1, 2] . The numerical model OrCa2D, a rst-principles uid model for cathodes developed by the Jet Propulsion Laboratory (JPL), showed signicant improvement in experimental agreement after incorporating ion acoustic turbulence based on Sagdeev's formulation [3] into the code [4] . They refer to this ion acoustic turbulence as an anomalous collision frequency" since it is not a collision driven process.
Additionally, when this anomalous collision frequency was implemented into JPL's full thruster simulation code, Hall2De, simulations showed closer agreement to the experimental data in the near-eld plume [5] .
Therefore, it is apparent that the anomalous collision frequency is critical to capturing the plasmadynamics of the cathode region in a Hall thruster.
Although Hall thrusters have decades of ight history [6, 7] , there still remain fundamental questions about their operation. One of the most pressing issues is their performance in space versus ground test facilities.
Studies have shown a cross-cutting susceptibility to variation in performance due to background pressure changes [814] . However, the mechanism behind these so-called facility eects" remains unidentied. While testing facilities impacts multiple thruster parameters, here we focus on one: the change in magnitude of the cathode coupling voltage. The cathode coupling voltage, V cc , is generally dened as the voltage between the cathode and the plume of the Hall thruster. It is associated with the ease with which electrons travel from the cathode into the thruster. Previous studies [10] have shown that the magnitude of the cathode coupling voltage increases with decreasing background pressure.
The central hypothesis presented here is that ion acoustic turbulence exists in the plume of a hollow cathode operating in a Hall thruster and is critical to the cathode coupling voltage. This turbulence manifests by taking energy from the electron drift velocity and redistributing it into the electron thermal energy and ion kinetic and thermal energy [2] . In practice, most of the energy is redistributed into the thermal energy of both species. This, in turn, demands more work from the electrons to couple to the thruster channel.
Neutral density has theoretically been shown to impact the coupling voltage through damping of the ion acoustic turbulence [15] , however no experimental investigation has conrmed the existence of these waves in a hollow cathode operating in a Hall thruster. Additionally, there is no experimental evidence that there exists a mechanism to drive variations in the turbulence with varying neutral density (background pressure).
Therefore, the need is apparent for an experimental investigation to characterize the physics of ion acoustic turbulence in the hollow cathode of an operating Hall thruster with varying neutral density.
In order to accomplish this investigation, this paper is structured as follows: rst, we present a discussion of ion acoustic turbulence theory. Then, we detail the experimental apparatus used to measure the ion acoustic turbulence and steady-state plasma parameter in the hollow cathode plume. We then present the results of the study as well as a discussion of these results. Finally, we draw conclusions based on the results regarding the impact of ion acoustic turbulence on the hollow cathode plume and the coupling voltage of a Hall thruster.
II. Ion Acoustic Turbulence Theory
In this section, we present the theory for ion acoustic turbulence in a hollow cathode that has previously been developed by Jorns [2] . First, we examine the energy density of these waves and then relate this to an anomalous collision frequency. Then, we present a discussion of these waves in the context of neutral density and cathode coupling. Ion acoustic turbulence is commonly found in current-carrying plasmas and is associated with an increased plasma resistivity [16] . This increased resistivity typically takes the form of an eective (anomalous) collision frequency. In general, ion acoustic turbulence consists of a spectrum of electrostatic waves with random phases in a plasma. It is the summation of acoustic modes that are closely spaced in frequency and excited concurrently in the same region. All of these waves must adhere to the dispersion relation in order to propagate undamped. For ion acoustic waves, the dispersion relates frequency to wavelength according to ω = k(c s + u i ), where c s is the ion sound speed and u i is the ion drift speed.
We can calculate the total wave energy density of the acoustic waves by summing the energy density of each mode over frequency space as [2, 17] ,
where W is the wave energy density, ω pi is the ion plasma frequency, and ω 0 is the cuto frequency. The lower bound in Equation 1 is the frequency below which we do not expect to see ion acoustic turbulence and thus accounting for lower frequencies would include contributions not associated with ion acoustic turbulence. This cuto is associated with ion-neutral damping [2] . This method was previously employed by Dodson[18] and Jorns [1] . Here, the cuto frequency is taken as 200 kHz. The high frequency cuto represents a departure from linear growth and is thought to be the result of non-linear saturation such as electron trapping [19] , ion resonance broadening [20, 21] or non-linear ion Landau damping [22] .
The anomalous collision frequency due to ion acoustic turbulence can be approximated via weak-turbulent theory described by Sagdeev and Galeev [3] . Under the assumption that the damping at high frequency is the result of non-linear ion Landau damping [1] , this formulation is
where ω pe is the electron plasma frequency, and α is an empirically driven constant found to be O(10 −2 ).
Assuming that the waves are one-directional with the electron drift [23] , we can substitute Equation 1 into Equation 2 to get,
Previous work [1] has shown that neutral-ion collisions act to damp the growth of these modes. At constant current, there should be more neutral-ion collisions with increasing neutral density without aecting the growth from inverse Landau damping of electrons. Saturation of these waves occurs when the damping terms balance the growth terms. Increasing the neutral density should increase the neutral damping and therefore lower the wave energy density amplitude [23] . In turn, as the neutral density increases, the ion acoustic turbulence should decrease [23] . Since the ion acoustic turbulence takes energy from the electron drift, an increase in the energy density would slow the electrons more. This should make it harder for electrons to travel from the cathode to the thruster plume. Therefore, we expect that as the total wave energy density increases, the voltage required to extract electron from the cathode, V cc , should increase. Bringing this all together, this would indicate that we should expect the cathode coupling voltage to increase as the neutral density decreases due to increasing turbulent energy.
In order to experimentally investigate this, we thus look for evidence of ion acoustic turbulence in the hollow cathode of an operating in a Hall thruster. Additionally, we aim to look at the variation in wave energy density and cathode coupling change with neutral density.
III. Experimental Apparatus
This section outlines the experimental apparatus used to obtain cathode coupling voltage and wave energy density measurements.
A. Thruster
We used the H9 Hall thruster for this experiment. The thruster is a single channel magnetically shielded Hall thruster jointly developed by NASA's Jet Propulsion Laboratory, the University of Michigan and the Air Force Research Laboratory [24, 25] . The thruster has a nominal power level of 9 kW and a similar design to other state-of-the art Hall thrusters. During this campaign, the thruster was run at a power level of 4.5 kW, The gauge has a grounded mesh attached to the entrance per industry standard [26] . The chamber was equipped with two stepper motor motion stages to adjust the position of thruster relative to probes, and a linear induction motion stage capable of high speed axial probe injection.
C. Langmuir Probe
We employed a planar Langmuir probe to measure electron temperature, plasma potential, and density. The bias voltage was swept from -25 V to 25 V using a Krohn-Hite 7500 wideband amplier set to 10X gain and driven with a GW Instek AFG-2225 function generator. Current was sensed using a Tektronix current gun that was read by a 16-bit AlazarTech ATS9462 waveform digitizer. In order to calculate the plasma potential, we rst calculated the numerical derivative (dI/dV) of the I-V trace. The plasma potential is the voltage corresponding to the peak value in this numerical derivative. Electron temperature was calculated as [27] ,
where V f is the oating potential (potential where the trace is closest to zero), m i is the mass of a xenon ion and m e is the mass of an electron. Finally, the density is calculated as,
where i sat is the probe current at ion saturation and A s is the area of the sheath. Here, we use the thinsheath assumption (A s ≈ A p ).
D. Wave Probes
In order to measure the plasma waves, we employed two closely spaced cylindrical Langmuir probes set to collect ion saturation current. The probes were biased to a constant voltage of -36V using batter-ies. The time-resolved current was inferred by measuring the voltage drop across a 100 Ohm low inductance metal foil resistor with another 16-bit ATS9462 analog waveform digitizer with a 65 MHz bandwidth. In order to obtain wave properties, a cross-correlation between the two probes was performed to determine the dispersion of the plasma [2, 23] . Specically, the Beall method analysis was used to produce wave intensity plots of wavenumber vs frequency. The vector between the two probes dened the directional component of the wave being measured [28] . The power density traces were places into 10 kHz bins to reduce noise in the high frequency spectrum. The probes were spaced 5.5 mm apart for axial measurements. We binned the cross-correlation values into wavenumber bins of 8 rads/m. Additionally, for low amplitude (i.e.φ << T e ) electrostatic waves, we related the potential uctuations as [2] , Fig. 2 Ion saturation probes employed to measure the plasma waves.
whereñ are uctuations in the plasma density. Under the assumptions that electron temperature uctuations are small, the relative uctuations in density should equal those in ion saturation current collected from the probe. This allows us to re-write Equations 6 as,
where i sat is the mean ion saturation current collected. A picture of the probes can be seen in Figure 2 . In this campaign, we investigated the near-eld of the cathode plume. We swept the probes radially from thruster centerline to channel centerline and axially from 1.5 to 4 cm downstream of the thruster exit plane with 2.5 mm resolution.
Ion saturation current measured in the near eld grid was sampled the signal at 10MS/s. The two probes were synced and over 1 million samples were taken per trace.
E. Test Matrix
We operated the thruster at ve dierent test points detailed in Table 1 . The discharge voltage for the thruster was 300 V for all conditions, and the discharge current was 15 A. The thruster was run for 3.5 hours and above the experimental operating power prior to any measurements being taken in order to ensure the thruster was fully baked-out". Test point 2 was completed rst. In order to vary the neutral density in the plume of the cathode, we varied to cathode ow fraction. The cathode ow fraction is taken as the percent of anode ow. For the study, no ow was injected into the background and the fraction was varied from 5% to 15%. 
IV. Results
In this section, we present the results of the experiment. First, we look for evidence that ion acoustic waves exist in the plume of the hollow cathode. Next, we present and discuss the properties of these waves.
Finally, we present the steady plasma parameters and discuss them in the context of expectations based on ion acoustic turbulence. Figure 3a , the calculated phase velocity is 4.7 km/s after accounting for oblique propagation.
We calculate the ion sound speed ( qT e /m i ) for this case to be 1.8 km/s. This would result in a ion drift speed of approximately 3 km/s which is commensurate with drift speeds seen in literature [2, 29] . Based on these results and plots, there is strong evidence of the existence of acoustic-like waves in the hollow cathode plume of an operating Hall thruster. This is the rst measurement that we know of that conrms these waves. Next, we attempt to quantify these waves and their dependence on neutral density. First, we look at the amplitude of the potential uctuations as dened by Equation 7 . Figure 4 shows an example of these uctuations versus frequency for varying cathode ow fraction. These data are taken 1.5 centimeters downstream from the cathode. Qualitatively, we see that the overall spectrum of oscillations remains the same across all traces. There is low frequency content, generally associated with global oscillations of the cathode and the anode. The anode oscillations are referred to as the breathing mode" and generally range between 10 to 30 kHz [30] . The cathode oscillations are generally associated with a cathode spoke" ranging from 70 to 100 kHz [31] . The strength of these oscillations is independent of cathode ow fraction. However, the high frequency oscillations (above 200 kHz) appear to grow in strength as the cathode ow fraction increases. This would suggest that an increased neutral density is damping the strength of the higher frequency content. This result was previously observed by Jorns for a stand alone cathode [2] . There appears to be a spike at 1.2 MHz, however this was taken as noise because the spike is dispersion-less and the same magnitude (un-normalized) across all conditions. Additionally, there is a broad peak around 2.7 MHz. This is likely associated with channel-born oscillations [32] .
Next, we aim to calculate the total wave energy density and change in plasma collisionality due to the changing strength of potential uctuations. First, however, we must calculate the global plasma parameters.
Using Equations 4 and 5, and the Langmuir probe I-V sweeps, we calculate the spatial evolution of the electron temperature and density. These values are then coupled into Equations 1 through 3 and Equations 6 and 7 to calculate the wave properties. (a) Spatial evolution of electron temperature versus cathode ow fraction. show that, in general, the electron temperature increases with increasing axial distance from the cathode.
These results support the theory of ion acoustic turbulence as the waves are thought to take kinetic energy from the electrons and deposit it into the thermal energy of electrons and ions. However, this could be due to Ohmic heating as well. Additionally, the electron temperature in all spatial locations increases with decreasing ow fraction. This result also supports the existence of ion acoustic waves as neutral density should damp the waves, therefore reducing the amount of energy available to deposit into the thermal states.
The electron density as a function of position and cathode ow fraction is shown in Figure 5b . The results
show that the density is of similar order of magnitude for all cases, as expected since the total current the cathode is providing does not vary between conditions.
We now look at the results from calculating the wave energy density and anomalous collision frequency with respect to position for varying cathode ow fractions. These results are seen in Figures 6a and 6b.
There are two points of interest in the uctuation strength plot: (1) the peak value increases with decreasing ow fraction and (2) the waves peak closer to the cathode with decreasing ow fraction. In Figure 6b , we see that the collision frequency appears to decrease as a function of position. Additionally, the values for collision frequency seen here are of the same order of magnitude previously reported [4] . 
Now, we take the ratio of the anomalous collision frequency calculated by Equation 3 and shown in Figure   6b and the classically expected collision frequency in Equation 8 . The results of this are seen in Figure 7a . The results show that as the cathode ow fraction is decreased, the relative importance of the ion acoustic turbulence increases. In other words, the ion acoustic turbulence begins to dominate the electron collision frequency to a higher extent. In Figure 7b , we plot the spatial average of the ratios of collision frequencies as a function of cathode ow fraction. We observe that as the cathode ow fraction increases, this value approaches one. This indicates that the changing dynamics of plasma properties with varying cathode ow fraction are dominated by the ion acoustic turbulence resistivity.
Additionally, if we look at Figures 8a and 8b , we see the peak wave energy and corresponding cathode coupling voltage (V cc = V p − V cg ). Figure 8a shows that as cathode ow fraction is increased, the peak wave energy density decreases. This would suggest that the ion-neutral damping term is increasing with increasing cathode ow fraction, as expected. This is likely caused by a lower saturation wave energy or lower amount of turbulence. The saturation wave energy depend on the electron temperature [23] , therefore as T e decreases with ow fraction, so does the peak wave energy. This, in turn, suggests that the amount of turbulence in the plume decreases yielding higher resistivity decreases. This is supported by Figure 8b , which shows that the total coupling voltage of the thruster decreases with increasing ow fraction. Therefore, there is a clear correlation between wave energy density and cathode coupling voltage in the plume of a hollow cathode.
VI. Conclusions
We aimed to experimentally investigate the presence of ion acoustic turbulence in the plume of a hollow cathode operating in a Hall thruster. We measured the waves using two ion saturation probes. First, we proved the existence of ion acoustic waves in the hollow cathode plume operating in a Hall thruster. We then showed that the relative strength of the collision frequency as compared to classical collision frequencies grows as neutral density drops. Additionally, we showed that both the peak wave energy density and the total thruster coupling voltage decrease with increasing cathode ow fraction. Therefore, we concluded that neutral density drops in the plume of a hollow cathode may increase the strength of ion acoustic turbulence therefore increasing the coupling voltage. Particularly for externally mounted hollow cathodes, this would suggest that the changes observed in coupling versus background pressure are due to the onset of ion acoustic turbulence.
